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The direct manipulation of coronary blood flow to induce
regional myocardial ischemia has been almost entirely
limited to experimental aniDial models. Thus, the de-
tection of ischemia-induced left ventricular dysfunction
in human subjects has been generally limited to obser-
vations made under conditions of diagnostic loading or
during spontaneous clinical events. Percutaneous coro-
nary angioplasty requires repeated interruptions of
coronary blood flow for periods as long as 1 minute. The
resulting appearance of or increase in ischemia-produced
changes in myocardial function were detected by two-
dimensional echocardiography in 18 patients undergoing
angioplasty of 22 coronary stenoses. Accordingly, left
ventricular contraction was studied during 52 episodes
of regional coronary blood flow interruption and reper-
fusion in the process of inflating and deflating the an-
gioplasty balloon.
Before aitgioplasty, left ventricular wall motion was
normal in 14 patients. There was mild anteroapical hy-
pokinesia in two patients, anteroapical akinesia in one
and mild inferior hypokinesia in one. Balloon inflations
repeatedly produced new or increased wall motion ab-
normalities in the distribution of the instrumented coro-
nary artery in 19 (86.4%) of the 22 procedures, but did
Experimentally manipulated coronary blood flow has been
employed in various dog models to study the effects of acute
ischemia (1-4) and reperfusion (5,6) on left ventricular wall
motion. After total coronary artery ligation in open chest
dogs, echocardiographically demonstrable systolic thinning
of the ischemic myocardium occurs within 30 seconds (3,4).
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not alter wall motion during angioplasty of one left cir-
cumflex artery lesion, one highly collateralized left an-
terior descending artery stenosis and one left anterior
descending stenosis that had already caused severe an-
teroapical dyssynergy. Hypokinesia, usually rapidly pro-
gressing to dyskinesia, began 19 ± 8 seconds (mean ±
SD) after coronary occlusion. Wall motion began to nor-
malize 17 ± 8 seconds after reperfusion. Electrocardio-
graphic monitoring displayed ST segment shifts in eight
procedures occurring 30 ± 5 seconds after coronary
artery occlusion. These changes invariably occurred only
after the onset of wall motion abnormalities and pre-
ceded or accompanied the onset of chest pain, which
occurred at 39 ± 10 seconds in nine procedures.
Two-dimensional echocardiography performed dur-
ing coronary angioplasty provides a sensitive method for
studying the myocardial mechanics of transient ischemia
and reperfusion in patients. With this technique, left
ventricular wall motion abnormalities are observed to
invariably precede electrocardiographic changes and
frequently occur without symptoms, which are the most
delayed manifestation of ischemia.
(] Am Coil CardioI1985;5:193-7)
Repeated 5 minute episodes of ischemia may cumulatively
result in patchy areas of myocardial necrosis in dogs (7).
Recurring ischemic insults may also result in a "stunned"
myocardium characterized by prolonged left ventricular dys-
function (8).
The detection of ischemia-induced wall motion changes
in the human subject has been limited to diagnostic obser-
vations under conditions of loading (9), acute myocardial
infarction (10, 11) and open heart surgery (12). The detection
by two-dimensional echocardiography of acute wall motion
changes and their resolution in the course of controlled,
transient, total coronary artery occlusion and reperfusion in
closed chest human patients has not been reported. Catheter
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balloon inflation performed during percutaneous coronary
angioplasty causes total interruption of regional coronary
blood flow; this provides a unique opportunity to analyze
the effects of ischemia and reperfusion on left ventricular
performance in human beings.
Methods
Patients (Table 1). Twenty-four patients with sympto-
matic high grade coronary artery stenosis underwent two-
dimensional echocardiographic examinations during coro-
nary balloon angioplasty. Because of suboptimal endocar-
dial visualization, five were excluded from the study. An
additional patient was excluded because of unsuccessful
passage of the angioplasty catheter through the segmental
coronary obstruction. The remaining 18 study patients in-
cluded 15 men and 3 women having a mean age of 54.8
years (range 40 to 71). Nine had stable angina pectoris,
eight had progressive or rest angina and one had no symp-
toms 7 days after intracoronary thrombolysis for acute myo-
cardial infarction. Angioplasty was performed on 22 coro-
nary artery lesions with 70 to 95% (mean 85 ± 10) coronary
diameter reduction. The left anterior descending coronary
artery was involved in 16 patients, the right coronary artery
in 5 and the left circumflex coronary artery in I.
Percutaneous angioplasty. Using the transfemoral ap-
proach, coronary angioplasty was performed with balloon
catheters ranging in diameter from 2.5 to 3.5 mm when
inflated. Patients were pretreated with 10,000 units of in-
travenously administered heparin and 200 to 400 JLg intra-
coronary nitroglycerin. Each balloon inflation was main-
tained for 30 to 60 seconds at a pressure of 4 to 10 barr. A
minimal period of 2 minutes for reperfusion was allowed
between each balloon inflation. Inflation was repeated three
to five times for each coronary lesion, and the degree of
remaining obstruction was angiographically determined after
each balloon inflation. Intraarterial blood pressure and all
six electrocardiographic limb leads were routinely moni-
tored in all patients. Those undergoing angioplasty of the
left anterior descending coronary artery had additional mon-
itoring of the V5 chest lead. Electrode interference with
fluoroscopic imaging precluded application of all chest leads.
Patients were repeatedly questioned regarding the occur-
rence of chest pain.
Echocardiography. Immediately before coronary an-
gioplasty, complete two-dimensional echocardiograms were
obtained with the patient in the supine position using a
Diasonics 3400-R phased array ultrasonograph. After po-
sitioning the angioplasty catheter through the coronary le-
sions, left ventricular wall motion was continuously imaged
Table 1. Clinical, Electrocardiographic and Echocardiographic Findings in Patients Undergoing Coronary Angioplasty
Mean Time
Mean Time Mean Time to ST
to to Shift Mean Time
Age (yr) PCA Vessel Dyssynergy Normalization q t) to Pain Wall Motion Wall Motion
Case & Sex Symptoms (obstruction) (seconds) (seconds) (seconds) (seconds) Pre PCA During PCA
1 45M Stable angina LAD (95%) 20.5 39 30 j 40 Normal Apical dys.
2 71M Unstable angina LAD (80%) I 1.5 9 52 Mild apical dys. Marked dys.
3 59M Postinfarction LAD (75%) 10 22 30 j 30 Mild apical hypo. Apical dys.
4 60M Unstable angina LAD (90%) 22.5 9 Normal Apical dys.
5 68F Unstable angina RCA (95%) 22.5 20 Normal Inferior dys.
6 46M Unstable angina LAD (95%) 27.5 15 55 Normal Apical hypo.
RCA (80%) 22.5 7.5 Inferior hypo.
7 58M Stable angina LAD (90%) No change Normal Normal*t
8 46M Stable angina LAD (80%) 32.5 16 40 t 45 Normal Apical dys.:j:
9 63M Stable angina LAD (70%) 30 Normal Apical dys.
LCx (60%) No change Normal*
RCA (90%) 30 Inferior hypo.
10 55M Stable angina LAD (90%) 20 80 30 j 30 Normal Apical dys.
II 70F Unstable angina LAD (95%) 13.5 15 25 t 30 Normal Apical dys.
12 53M Unstable angina LAD (95%) 20 20 Normal Apical dys.
13 42M Stable angina LAD (90%) 22.5 24.5 35 Normal Apical dys.
14 53F Unstable angina LAD (85%) 12 28.5 30 t Normal Apical dys.
RCA (70%) 25 10 30 j Inferior dys.
15 40M Unstable angina LAD (75%) 15 12 Normal Apical dys.
16 54M Stable angina LAD (95%) No change Anterior apical akin. No change
17 60M Stable angina RCA (90%) 18 12.5 35 Inferior hypo. * Inferior akin.
18 41M Stable angina LAD (75%) 13.5 27.5 2st Normal Apical dys.
*Balloon inflations limited to 30 seconds duration; tpercutaneous coronary angioplasty vessel highly collateralized; :j:mitral valve prolapse normalizes
during percutaneous coronary angioplasty (see text); *normal wall motion after conclusion of percutaneous coronary angioplasty. Akin. = akinesia; dys.
= dyskinesia; F = female; hypo. = hypokinesia; LAD = left anterior descending coronary artery; LCx = left circumflex coronary artery; M = male;
PCA = percutllOOOUS coronary angioplasty; RCA = right coronary artery; j t = ST segment elevation or depression, respectively.
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echocardiographically and recorded on II:> inch (1.27 cm)
videotape. During angioplasty of the right or left circumflex
coronary artery, the parasternal short-axis view was em-
ployed to image the inferior and lateral left ventricular wall
segments. During angioplasty of the left anterior descending
coronary artery, the apical four chamber view was used to
image the septal and apical segments. The videotape sound
track was employed to record the precise instant of angio-
plasty balloon inflation and deflation.
Segmental left ventricular wall motion was subsequently
assessed during replay of the videotape by two experienced
echocardiographers reaching a consensus opinion. Normal
left ventricular wall motion was determined by the adequacy
of systolic myocardial thickening and inward endocardial
motion. Hypokinesia was identified by reduced wall thick-
ening and motion, akinesia by the absence of wall thickening
and motion and dyskinesia by the presence of systolic myo-
cardial thinning or outward left ventricular wall motion.
Because initial positioning of the uninflated balloon cath-
eter at the (as yet undilated) coronary lesion usually caused
angiographically documented total occlusion of the instru-
mented coronary artery, the initial interruption of coronary
blood flow often preceded the first balloon inflation. There-
fore, the precise onset of the initial ischemic episode could
not always be accurately determined. Thus, beginning with
the second balloon inflation, and for each subsequent infla-
tion, the time to onset of wall motion abnormality was
determined for each vessel undergoing angioplasty. Simi-
larly, the time to onset of dyssynergy reversal was measured
from the instant of balloon deflation.
Results
Angioplasty. Percutaneous angioplasty reduced all in-
strumented coronary lesions to less than 500k luminal di-
ameter obstruction. In one patient, delayed total occlusion
of the right coronary artery due to dissection or thrombosis
occurred 20 minutes after an initially successful angioplasty
procedure and required immediate coronary artery bypass
surgery.
Echocardiography (Table 1). Before angioplasty, left
ventricular wall motion was normal in 14 patients. In three
patients with left anterior descending coronary artery le-
sions, localized anteroapical hypokinesia already existed in
two and a large area of akinesia in one. Mild inferior wall
hypokinesia was present in one patient with a right coronary
artery stenosis. New left ventricular wall motion abnor-
malities occurred during coronary angioplasty in 16 of IX
regions having initially normal wall motion (Fig. I and 2).
Increases in area and degree of dyssynergy were also seen
in the two patients (Cases 2 and 3) who displayed limited
preexisting anteroapical hypokinesia and in the one patient
(Case 17) with mild inferior hypokinesia. The patient (Case
16) who displayed a large area of established anteroapical
akinesia before angioplasty showed no wall motion change
with coronary occlusion. Induction of left ventricular wall
motion abnormalities was not observed in one patient (Case
7) having a highly collateralized left anterior descending
coronary artery and in the only patient (Case 9) undergoing
angioplasty of the left circumflex coronary artery. More-
over, the latter two patients (Cases 7 and 9) were exposed
to only 30 second occlusion times.
Time to dvssVllergv and normalization. Hypokinesia in
the region perfused by the balloon-occluded coronary artery
began IY ± X seconds (mean ± standard deviation) after
coronary blood flow interruption and usually progressed
rapidly to dyskinesia. There was no significant difference
in the time to dyssynergy after the initial ( IY ± 7 seconds)
and final (20 ± 8 seconds) balloon occlusions. Normaliza-
tion of left ventricular wall motion began 20 ± 8 seconds
after the first reperfusion period and 15 ± Xseconds after
the final reperfusion period (p = NS). The 2 minute re-
perfusion period utilized between balloon inflations was suf-
Figure I. Case I. A. Coronary arteriogram, left anterior oblique
projection. demonstrating preangioplasty appearance of the left
anterior descending coronary artery with a 95% proximal ob-
structing lesion (arrow). B, Postangioplasty appearance of the
coronary artery showing minimal residual obstruction.
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Figure 2. Case I. A, Two-dimensional echocardiogram, apical
four chamber view, demonstrating normal end-systolic left ven-
tricular appearance at rest. B, Same view showing outward bulge
of the distal septum and apex after balloon inflation. LA = left
atrium; LV = left ventricle; RA = right atrium; RV right
ventricle.
ficiently long that the induced dyssynergy disappeared. One
patient (Case 17) having inferior hypokinesia before angio-
plasty displayed normal wall motion after completion of the
angioplasty procedure. Wall motion at the conclusion of all
other procedures was qualitatively unchanged from its con-
dition before angioplasty.
Effect on mitral valve motion. A remarkable and unique
echocardiographic finding was discovered in another patient
(Case 8) with a high grade stenosis of the left anterior
descending coronary artery and coexisting mitral valve pro-
lapse. In the course of each balloon inflation, mitral valve
motion completely normalized coincident with the onset of
anteroseptal dyskinesia. During each reperfusion, as left
ventricular contraction improved, marked prolapse of the
mitral valve recurred. Adequate endocardial visualization
during basal and ischemic periods allowed quantification of
left ventricular volume and ejection fraction. This showed
an ischemia-associated 37% increase in end-diastolic vol-
ume and a decrease in ejection fraction from 55 to 25%.
Electrocardiography. Electrocardiographic ST seg-
ment elevation occurred in four patients (Cases I, 3, 10 and
14) and depression in four patients (Cases 8, I I, 14 and
~) at 30 ± 4.6 seconds after coronary occlusion. ST seg-
ment shifts occurred in the absence of pain in three patients,
and left ventricular wall motion changes occurred in the
absence of ST segment changes in II patients (Table I).
Discussion
Comparison of canine and human studies. Pandian et
al. (3,4), using two-dimensional echocardiography, ob-
served systolic wall thinning within 30 seconds after coro-
nary ligation in open chest dogs. However, because of dif-
ferences in coronary collateral flow, these observations cannot
be directly extrapolated to the dyssynergic effects of acute
ischemia in human subjects. Nevertheless, our study of the
mechanical myocardial consequences of therapeutic coro-
nary angioplasty has shown that the time of left ventricular
dyssynergy after total coronary blood flow interruption in
human beings is similar to that of dogs.
Another difference between canine (3-8) and our human
lACC Vol. 5, No.2
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studies was the brief coronary occlusion times and limited
number of inflations that we employed during angioplasty.
Thus, the serial interruptions of coronary blood flow in our
patients were insufficient to result in clinically apparent
persistence of left ventricular dyssynergy attributable to the
cumulative effects of ischemia as reported by Geft et al.
(7).
The trend of a decremental reduction in the duration of
dyskinesia after repeated ischemia may reflect several mech-
anisms. These include progressive angioplasty-induced re-
duction of the coronary luminal obstruction yielding greater
net delivery of blood and nutrients, an incremental hyper-
emic response resulting in increased perfusion independent
of coronary luminal size and altered coronary reserve due
to the accumulation of ischemia-mediated metabolites such
as kinins and adenosine.
Sequence of mechanical, electrocardiographic and
clinical effects of ischemia. The temporal disparity be-
tween regional myocardial dysfunction and electrocardio-
graphic changes demonstrated in our study was recently
shown by Sugishita et al. (13) to occur in patients with
coronary artery disease undergoing recumbent exercise. In
their study, regional wall motion changes occurred at 30 :±:
15 seconds of exercise and preceded electrocardiographic
changes that occurred at 90 :±: 60 seconds of exercise. We
observed that dyssynergy began at 19 :±: 8 seconds in 18
patients, and that transient electrocardiographic changes during
angioplasty occurred in 8 of the 18 procedures at a mean
of 30 :±: 5 seconds after coronary occlusion. The use of
additional precordial electrodes might have provided a greater
yield. Nine patients reported typical angina pectoris begin-
ning at a mean of 39 :±: 10 seconds after coronary artery
occlusion coincident with or shortly after ST segment shifts.
In each instance, electrocardiographic abnormalities and an-
gina began after the onset of clearly displayed left ventricular
wall motion changes. In no instance did electrocardio-
graphic changes or angina occur in the absence of echo-
cardiographically demonstrable left ventricular dyssynergy.
In the two patients (Cases 7 and 9) having normal wall
motion both before and during balloon inflation, coronary
occlusion times of only 30 seconds' duration were em-
ployed. Thus, in these two instances, the duration of isch-
emia might have been insufficient to result in left ventricular
dyssynergy.
Clinical implications. Our findings confirm the occur-
rence of clinically silent reversible left ventricular dys-
synergy as an early marker of acute transient ischemia in
human beings and provide further support for the application
of two-dimensional echocardiography as the most sensitive
clinical tool for the detection of myocardial ischemia. Since
angioplasty is now almost routinely employed in patients
with certain species of coronary artery disease, this pro-
cedure provides a unique opportunity for further studies of
the metabolism, energetics and cardiodynamics of repeated
transient myocardial ischemia in human beings.
We appreciate the expert secretarial assistance of Louise Malinowski and
Debbie Dutkiewicz.
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